We propose a model for the spontaneous CP violation based on SU (2) L × U (1) Y × A 4 × CP × Z 2 symmetry for quarks and leptons in a seesaw framework. We investigate a link between the CP phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix and CP phase in the Pontecorvo-MakiNakagawa-Sakata (PMNS) matrix by using the present data of quark sector. In our model CP is spontaneously broken at high energies, after breaking of flavor symmetry, by a complex vacuum expectation value of A 4 -triplet and gauge singlet scalar field. And, certain effective dimension-5 operators are considered in the Lagrangian as an equal footing, in which the quarks lead to the CKM matrix of the quark mixing. However, the lepton Lagrangian still keep renormalizability, which gives rise to a non-degenerate Dirac neutrino Yukawa matrix, a unique CP-phase, and the nonzero value of θ 13 ≃ 9 • as well as two large mixing angles θ 12 , θ 23 . We show that the generated CP phase "ξ" from the spontaneous CP violation could become a natural source of leptogenesis as well as CP violations in the CKM and PMNS. Interestingly enough, we show that, for around ξ ≃ 110 • (140 • ), we obtain the measured CKM CP-phase δ 
I. INTRODUCTION
CP violation (CPV) plays a crucial role in our understanding of the observed baryon asymmetry of the Universe (BAU) [1] . This is because the preponderance of matter over antimatter in the observed Universe cannot be generated from an equal amounts of matter and antimatter unless CP is broken as shown by Sakharov (1967) , who pointed out that in addition to CP violation baryon-number violation, C (charge-conjugation) violation, and a departure from thermal equilibrium are all necessary to successfully achieve a net baryon asymmetry in early Universe. In the Standard Model (SM) CP symmetry is violated due to a complex phase in the Cabibbo-Kobayashi-Maskawa (CKM) matrix [2] . However, since the extent of CP violation in the SM is not enough for achieving the observed BAU, we need new source(s) of CP violation for a successful BAU. On the other hand, CP violations in the lepton sector are imperative if the BAU could be realized through leptogenesis. So, any hint or observation of the leptonic CP violation can strengthen our belief in leptogenesis [3, 4] .
The violation of the CP symmetry is a crucial ingredient of any dynamical mechanism which intends to explain both low energy CP violation and the baryon asymmetry. Renormalizable gauge theories are based on the spontaneous symmetry breaking mechanism, and it is natural to have the spontaneous CP violation (SCPV) [5, 6] as an integral part of that mechanism. Determining all possible sources of CP violation is a fundamental challenge for high energy physics. In economical viewpoint, it would be good if both leptonic-and quark-sector CPV phases are originated from a single source, for example, the one in the complex vacuum in the SCPV [5, 6] . There is a common problem in models with SCPV, however, which is that a strong QCDθ eff term will be generated. However, a SCPV can provide a solution to the strong CP problem, if the parameterθ eff related to the strong CP problem is vanishing at tree level and calculable at higher orders [7] . We propose a model for the SCPV based on an A 4 flavor symmetry for quarks and leptons in a seesaw framework. The seesaw mechanism, besides explaining of smallness of the measured neutrino masses, has another appealing feature: generating the observed baryon asymmetry in our Universe by means of leptogenesis [3] . CP symmetry is spontaneously broken at high energies, after breaking of A 4 flavor symmetry, by a complex vacuum expectation value (VEV) of A 4 -triplet and gauge singlet scalar filed χ, which is introduced to give the correct flavor structure in the heavy neutrino sector. The main goal of our work is twofold: First, we investigate CP violation in the quark and lepton sectors and show how CP phases in both CKM and Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrices can be obtained simultaneously through spontaneous symmetry breaking mechanism. Second, we show that the phase generated through the SCPV can be a unique CP source of both CKM and PMNS matrices, and discuss how to link between leptonic mixing and leptogenesis through the SCPV.
This work is an extension of that in [9] in such a way that (i) the A 4 flavor symmetry is spontaneously broken, and thereby a CP breaking phase is generated spontaneously, and (ii) in the quark sector all possible effective dimension-5 operators which are invariant under SU(2) L ×U(1) Y ×A 4 ×CP ×Z 2 symmetry are introduced to explain the CKM matrix, while in the lepton sector the renomalizability constraint is kept. Thus, our model can naturally explain both the CKM mixing parameters (the three angles, θ q 23 , θ q 13 , θ q 12 , and the CKM CP phase δ q CP ) and the PMNS mixing angles (θ 23 , θ 13 , θ 12 ). This paper is organized as follows. In the next section, we show the particle content and its representations under the A 4 flavor symmetry and an auxiliary Z 2 × CP symmetry in our model, as well as construct a Higgs scalar and a Yukawa Lagrangian. In Sec. III, we discuss how to realize the spontaneous breaking of CP symmetry, and then we outline the minimization of the scalar potential and the vacuum alignments. In Sec. IV, we consider the phenomenology of quarks and leptons at low-energy, and in Sec. V we study numerical analysis for neutrino oscillations and provide the data points for the CKM and PMNS. In Sec. VI we show possible leptogenesis and its link with low energy observables. We give our conclusions in Sec. VII.
II. THE MODEL
In the absence of flavor symmetries, particle masses and mixings are generally undetermined in a gauge theory. In order to understand the present data for quarks and leptons, especially, the CKM mixing angles (θ q 23 , θ q 13 , θ q 12 with the CKM CP-phase δ q CP ) and the nonzero θ 13 [10, 11] and tri-bimaximal mixing (TBM) angles [12] (θ 12 , θ 23 ) for the neutrino oscillation data and baryogenesis via leptogenesis, as well as to predict a CP violation of the lepton sector, we propose a simple discrete symmetry model for the SCPV based on an A 4 flavor symmetry for quarks and leptons. Here we recall that A 4 is the symmetry group of the tetrahedron and a finite group of even permutation of four objects [13] . The group A 4 has two generators S and T , satisfying the relation S 2 = T 3 = (ST ) 
The group A 4 has four irreducible representations, one triplet 3, and three singlets 1, 
where ω = e i2π/3 is a complex cubic-root of unity.
To make the presentation of our model physically more transparent, we define the T -flavor quantum number T f as the eigenvalues of the operator T , for which T 3 = 1. In detail, we say that a field f has T -flavor T f = 0, +1, or −1 when it is an eigenfield of the T operator with eigenvalue 1, ω, ω 2 , respectively (in short, with eigenvalue ω T f for T -flavor T f , considering the cyclical properties of the cubic root of unity ω). The T -flavor is an additive quantum number modulo 3. We also define the S-flavor parity as the eigenvalues of the operator S, which are +1 and -1 since S 2 = 1, and we speak of S-flavor-even and S-flavor-odd fields.
We extend the SM by the inclusion of an A 4 -triplet of right-handed SU(2) L -singlet Majorana neutrinos N R , and the introduction of three types of scalar Higgs fields besides the SM-like SU(2) L -doublet Higgs bosons Φ, which we take to be an A 4 -triplet: a second SU(2) Ldoublet of Higgs bosons η, which is distinguished from Φ by being an A 4 -singlet with no T -flavor (singlet representation), an SU(2) L -singlet A 4 -triplet scalar field χ:
We assign each flavor of both leptons and right-handed quarks to one of the three A 4 singlet representations: the electron (u, d-quark)-flavor to the 1 (T -flavor 0), the muon (c, is to be a flavor-singlet 1 with no T -flavor. The other Higgs doublet Φ, the Higgs singlet χ, and the singlet neutrinos N R are assumed to be triplets under A 4 , and so can be used to introduce lepton-flavor violation in an A 4 symmetric Lagrangian.
The field content of our model and the field assignments to SU(2) L × U(1) Y × A 4 representations are summarized in Table I . In addition to A 4 flavor symmetry, we impose an 
additional symmetry Z 2 , where L e,µ,τ , N R , and η carries Z 2 -odd quantum number, while all other fields have a Z 2 -even one. So this non-flavor symmetry forbids some irrelevant
Yukawa terms from the Lagrangian (see the quark Lagrangian).
We impose A 4 flavor symmetry for leptons, quarks, and scalars, and force CP to be invariant at the Lagrangian level, which implies that all the parameters appearing in the Lagrangian are real. The extended Higgs sector can spontaneously break CP through a phase in the VEV of the singlet scalar field [14] . The CP invariance in the Lagrangian can be clarified by the nontrivial transformation [15] ψ → Uψ
where the A 4 triplet fields ψ = N R , χ, Φ and
In our Lagrangian, we assume that there is a cutoff scale Λ, above which there exists unknown physics.
A. Higgs sector
where
dimensionless. In V (ηΦ) the usual mixing term Φ † η is forbidden by the A 4 symmetry. In the presence of two A 4 -triplet Higgs scalars χ and Φ, Higgs potential terms involving both χ and Φ, which would be written as V (Φχ) in Eq. (6), would be problematic for vacuum stability and one could not get a desirable solution. On the problematic Higgs potential V (Φχ) in Eq. (A2), unnatural fine-tuning conditions are necessary for vacuum stability 1 .
In the limit where the seesaw scale χ field decouples from the electroweak Higgs fields Φ and η, the decoupling of χ is performed by λ Φχ 1,.., 5, 11, 21, 31, 41, 51 
We wish these couplings to be exactly zero or sufficiently small, where "sufficiently small" means that those terms could not deform a demanded VEV alignment (see later). Note that the potential V (ηχ) does not affect demanded VEV alignments.
B. Lepton sector
The Yukawa interactions (d ≤ 5) in the neutrino and charged lepton sectors invariant under SU(2) L ×U(1) Y ×A 4 ×Z 2 ×CP (including a Majorana mass term for the right-handed neutrinos) can be written as
whereΦ ≡ iτ 2 Φ * and τ 2 is a Pauli matrix. Note here that there are no dimension-5 operators driven by χ field in the neutrino sector, and the above Lagrangian is renormalizable. The representation assignments and the requirement that the Lagrangian be renormalizable and A 4 -symmetry forbid the presence of tree-level leptonic flavor-changing charged currents. In this Lagrangian, each flavor of neutrinos and each flavor of charged leptons has its own independent Yukawa term, since they belong to different singlet representations 1, 1 ′′ , and 1 ′ of A 4 : the neutrino Yukawa terms involve the A 4 -triplets Φ and N R , which combine into 1 Such stability problems can be naturally solved, for instance, in the presence of a discrete symmetry [14] or extra dimensions or in supersymmetric dynamical completions [16, 17] . In these cases, V (Φχ) is not allowed or highly suppressed. 
Note that in the above Lagrangian in order to keep CP invariance the imaginary " i " is added in the terms associated with the antisymmetric product of two A 4 triplets in dimension-5 operators. In the above Lagrangian, each flavor of up-type and down-type quarks has its own independent Yukawa term, since they belong to different singlet representations 1, 1 ′′ , and (14) and (15); the dimension-5 operator terms involve the A 4 -triplet Φ and Q L fields, which combine into the right-handed quarks
and t R (b R ). Thus, through spontaneous CP breaking this χ field plays a role to connect the lepton and quark sectors to one another through the higher dimensional operators.
After electroweak and A 4 symmetry breaking, the neutral Higgs fields acquire vacuum expectation values and give masses to the up-and down-type quarks. In the renormalizable terms the Higgs doublet Φ gives Dirac masses to the up-and down-type quarks, and the quark mass matrices are automatically diagonal due to the A 4 structure of field contents; it provides the CKM matrix to be the identity, i.e. V CKM = I. Including higher dimensional operators driven by the Higgs singlets χ field give next-leading order masses to the up-and down-type quarks, and provide the correct CKM matrix (see later).
III. SPONTANEOUS CP VIOLATION
The Higgs potential of our model is listed in Eq. (18) . While CP symmetry is conserved at the Lagrangian level because all the parameters are assumed to be real, in our model it can be spontaneously broken when both the A 4 -triplets χ and Φ and the A 4 -singlet η acquire complex VEVs. In addition, when a non-Abelian discrete symmetry like our A 4 is considered, it is crucial to check the stability of the vacuum. Now let us discuss the how of realization of the spontaneous breaking of CP symmetry.
A. Minimization of the neutral scalar potential
The model contains four Higgs doublets and three Higgs singlets. After electroweak-and A 4 -symmetry breaking, we can find minimum configuration of the Higgs potential by taking the following:
with j = 1, 2, 3, where v Φ 1,2,3 , v χ 1,2,3 , and v η are real and positive, and φ 1,2,3 , ξ 1,2,3 , and ϕ are physically meaningful phases. The relative phases of Φ j , χ j , and η are dynamically determined by minimizing the Higgs potential.
Since the SU(2) L -singlet scalar field χ is much heavier than the other two gauge doublet scalar fields Φ and η, then the field χ is decoupled from the theory at an energy scale much higher than the electroweak scale. In order for vacuum stability to be well described (see Eq. (11)), we assume more precisely
And, even the potential V (ηχ) does not deform a desirable vacuum alignment, without loss of generality, here we have switched off the couplings in V (ηχ). Under the above assumptions, we get
First, the vacuum configuration for χ is obtained by vanishing the derivative of V with respect to each component of the scalar fields χ j and ξ j . Then, we have three minimization equations for VEVs and three equations for phases:
Concerning the above equations, by excluding the trivial solution where all VEVs vanish, we find
With the vacuum alignment of the χ field, Eq. (20), the minimal condition for ξ 1 ≡ ξ is given as
and
= 0 is automatically satisfied with respect to ξ 2 , ξ 3 . So, we find a nontrivial VEV configuration for the χ field
For the vacuum alignment given in Eq. (22), the scalar potential can be written as
Depending on the values of ξ, the VEV configurations are given by:
(ii) for ξ = ±π/2
In the first case (i) the vacuum configurations do not violate CP, while the second (ii) and third case (iii) lead not only to the the spontaneous breaking of the CP symmetry but also to a nontrivial CP violating phase in the one loop diagrams relevant for leptogenesis.
Let us examine which case corresponds to the global minimum of the potential in a wide region of the parameter space. Imposing the parameter conditions, m (24) (25) (26) , the vacuum configurations of each case become we obtain for the case (i)
for the case (ii)
for the case (iii), we obtain
leading to
The third case corresponds to the absolute minimum of the potential. It could be also guaranteed that we are at a minimum by showing the eigenvalues of the neutral Higgs boson mass matrices and requiring that they are all positive.
Second, the vacuum configuration for Φ and η are obtained by vanishing of the derivative of V with respect to each component of the scalar fields Φ j and η. The vacuum alignment of the fields Φ and η are determined by
where j = 1 − 3. At the same time, with the above vacuum alignment of Φ and η fields, the minimal condition with respect to φ i and ϕ are given as
where, without loss of generality, we have let
between φ i and ϕ. So, we find a nontrivial VEV configuration for Φ and η fields
And, for this vacuum alignments the scalar potential can be written as
Then, the real valued solutions are given as
where the plus (minus) sign in the bracket corresponds to ϕ = 0, ±π (ϕ = ±π/2). Those vacuum alignments do not violate CP (see later). The VEV alignment of Φ field breaks A 4
down to a residual Z 3 .
IV. COMPLEX CKM AND PMNS MATRICES FROM A COMMON PHASE
Since CP invariance has been imposed at Lagrangian level, all the parameters in the Lagrangian [see Eqs. (18), (12) and (13)] are assumed to be real. We spontaneously break the A 4 flavor symmetry by giving nonzero complex vacuum expectation values to some components of both the A 4 -triplets χ and Φ and the A 4 -singlet η, as seen in Eqs. (22) and (34).
GeV results from the combination
In our scenario, we assume that v χ (seesaw scale) is much larger than v Φ (electroweak scale):
where λ and Λ indicate the Cabbibo angle and the cutoff scale, respectively.
After the breaking of the flavor and electroweak symmetries, with the VEV alignments as in Eqs. (22) and (34), the charged lepton, Dirac neutrino, and right-handed neutrino mass terms from the Lagrangian (12) result in
This form shows clearly that the terms in v Φ break the S-flavor parity symmetry, while the other mass terms preserve it. Inspection of the above mass terms in Eq. (38) indicates that, with the VEV alignments in Eqs. (22) and (34), the A 4 symmetry is spontaneously broken to a residual Z 2 symmetry in the heavy Majorana neutrino sector (conservation of S-flavor parity in terms not involving v Φ ) and a residual Z 3 symmetry in the Dirac neutrino sector (conservation of T -flavor in terms not involving v χ ).
In the quark sector from the Lagrangian (13), after the breaking of the flavor and electroweak symmetries, with the VEV alignments as in Eqs. (22) and (34) the up-type quark and down-type quark mass terms result in
where the parameters y (22) with the VEV alignment of Φ in Eq. (34), the A 4 symmetry is spontaneously broken and at the same time its subsymmetry Z 3 is also broken through the dimension-5 operators. Including 5-dimensional operators to V (χ), the corrections to the VEV are shifted and redefined into
where the correction δ χ is dimensionless.
The nonzero expectation value η = v η e iϕ / √ 2 does not break the A 4 symmetry, because the standard model Higgs is A 4 -flavorless. The nonzero expectation value Φ = v Φ (1, 1, 1)/ √ 2 breaks the S-flavor parity but leaves the vacuum T -flavor T f = 0. In other words, after Φ acquires a nonzero VEV, the T -flavor is still conserved but the S-flavor parity is not. Since Φ appears only in the Higgs sector and in interactions with the light leptons, we say that the light neutrino sector has a residual Z 3 symmetry expressed by the subgroup {1, T, T 2 } that leads to the conservation of T -flavor in terms involving mixing with the light neutrinos or interactions with the charged leptons. The nonzero expectation value χ = v χ e iξ (1, 0, 0) maintains the S-flavor parity of the vacuum (it is S-flavor-even) but gives the vacuum the symmetric combination of T -flavors (a 0 + a +1 + a −1 )/ √ 3. That is, after χ acquires a nonzero VEV, the S-flavor parity is conserved but the T -flavor is not. Since χ appears only in the Higgs sector and in interactions with the heavy Majorana neutrinos, we say that the heavy neutrino sector has a residual Z 2 symmetry expressed by the subgroup {1, S} leading to the conservation of S-flavor parity in terms involving mixing or interactions with the heavy Majorana neutrinos.
A. Quark sector and CKM matrix
With the help of the VEVs of the A 4 -triplet Φ which is equally aligned, that is, Φ =
(1, 1, 1)v Φ / √ 2 in Eq. (34), the up-type quark mass matrix M u can be explicitly expressed
where U ω V u L and V u R are the diagonalization matrices for M u , and
And the down-type quark mass matrix M d can be explicitly expressed as
One of the most interesting features observed by experiments on the quarks is that the mass spectra are strongly hierarchical, i.e., the masses of the third generation quarks are much heavier than those of the first and second generation quarks. For the elements of M u (d) given in Eqs. (43) and (45), taking into account the most natural case that the quark Yukawa couplings have the strong hierarchy y f 3 ≫ y f 2 ≫ y f 1 (here f i stands for i-th generation of f -type quark) and the off-diagonal elements generated by the higher dimensional operators are generally smaller in magnitude than the diagonal ones, we make a plausible assumption 
where a diagonal phase matrix
3 ), which can be rotated away by the redefinition of left-handed quark fields, and
There exist several empirical fermion mass ratios in the up-and down-type quark sectors calculated from the measured values [8] :
which shows that the mass spectrum of the up-type quarks exhibits a much stronger hierarchical pattern to that of the down-type quarks. In terms of the Cabbibo angle λ ≡ sin θ C ≈ |V us |, the quark masses scale as
may represent the following fact: the CKM matrix is mainly generated by the mixing matrix of the down-type quark sector, when the Lagrangian (13) is also taken into account. 
In particular, for a case normalized by the top quark mass :
under the constraint of unitarity, the up-type quark mixing matrix V u L can be approximated as
which indicates that the mixing in the up-type quark sector does not affect the leading order contributions in λ. It leads to the fact that the Cabbibo angle should arise from the mixing between the first and second generations in the down-type quark sector. 
From Eqs. (46) and (47),
, we need to make an additional assumption: from Eq. (46) the hierarchy normalized by the bottom quark mass can be expressed as
Then, we can obtain the mixing elements in V d L of the down-type quarks, in a good approximation, as
Here, the phase φ (52) and (53) as
where we have used the following: 
CKM mixing matrix
In the weak eigenstate basis, the quark mass terms in Eq. (39) and the charged gauge interactions can be written as
From Eq. (57), to diagonalize the charged fermion mass matrices such that
we can rotate the fermion fields from the weak eigenstates to the mass eigenstates:
Then, from the charged current terms in Eq. (57), we obtain the CKM matrix
From Eqs. (51) and (54), with the transformations
, if we set
then we obtain the CKM matrix in the Wolfenstein parametrization [19] given by
As reported in Ref. 
Putting Eq. (55) and the ratio y (53), we obtain
In our model the CKM Dirac CP phase explicitly depends on the phase ξ associated with the leptonic Dirac CP phase: for example, taking ξ = 120
• which is in a good agreement with the present data.
The strong CP problem
There is a common problem in models with spontaneous CP violation, which is that a strong QCDθ eff term will be generated [7] . The associated strong CP problem is written as 
This value is well above the required 10 −9 level and we may need some additional dynamical mechanism to suppress it. However, we can show the vanishingθ eff is consistent with our model, although we do not solve the strong CP problem. To see this we can write 
which obey the scaling rules in Eq. (52), we obtain arg {det(M u ) det(M d )} = 0 irrespective of the phase ξ.
Including higher dimensional operators to the quark Yukawa Lagrangian, that is,
the corrections to the mass terms Eqs. (43) and (45) are shifted just in the tree level mass terms and redefined into
where the correction δ f (f = u, c, t, d, s, b) is dimensionless, and the following operators do not affect the corrections
due to the VEV alignment of the χ field in Eq. (22). Thus, the effects of higher dimensional (d ≥ 6) operators to the strong CP problem may be equivalent to the one of the dimension-5 operators.
B. Lepton sector and PMNS matrix
The leptonic mass terms in Eq. (38) and the charged gauge interactions in the weak eigenstate basis can be written in (block) matrix form as
Here ℓ = (e, µ, τ ), ν = (ν e , ν µ , ν τ ), N R = (N R1 , N R2 , N R3 ), and
, and U ω is given in Eq. (44). We start by diagonalizing M R . For this purpose, we perform a basis rotation N R = U † R N R , so that the right-handed Majorana mass matrix M R becomes a diagonal matrix M R with real and positive mass eigenvalues
where κ = y ν R v χ /M. We find a = 1 + κ 2 + 2κ cos ξ, b = 1 + κ 2 − 2κ cos ξ, and a diagonalizing matrix
with phases
Interestingly, the mixing matrix of heavy neutrino U R in Eq. (78) reflects an exact TBM.
As the magnitude of κ defined in Eq. (77) 
At this point,
Now we take the limit of large M (seesaw mechanism) and focus on the mass matrix of the light neutrinos M ν ,
with
We perform basis rotations from weak to mass eigenstates in the leptonic sector,
where P ℓ and P ν are phase matrices and U ν is a unitary matrix chosen so as the matrix
is diagonal. Then from the charged current term in Eq. (81) we obtain the lepton mixing matrix U PMNS as
It is important to notice that the phase matrix P ν can be rotated away by choosing the matrix
by an appropriate redefinition of the left-handed charged lepton fields, which is always possible. This is an important point because the phase matrix P ν accompanies the 
where Q ν = Diag(e −iϕ 1 /2 , e −iϕ 2 /2 , 1), s ij ≡ sin θ ij and c ij ≡ cos θ ij .
After seesawing, in a basis where charged lepton and heavy neutrino masses are real and diagonal, the light neutrino mass matrix is given by
)y )y
where we have defined an overall scale m 0 = v 2 Φ y ν2 1 /(2M) for the light neutrino masses. The mass matrix M ν is diagonalized by the PMNS mixing matrix U PMNS as described above,
Here m i (i = 1, 2, 3) are the light neutrino masses. As is well known, because of the observed hierarchy |∆m In the limit y ν 2 = y ν 3 (y 2 → y 3 ), the mass matrix in Eq. (88) acquires a µ-τ symmetry [23] that leads to θ 13 = 0 and θ 23 = −π/4. Moreover, in the limit y ν 1 = y ν 2 = y ν 3 (y 2 , y 3 → 1), the mass matrix (88) gives the TBM angles and their corresponding mass eigenvalues
These mass eigenvalues are disconnected from the mixing angles. However, recent neutrino data, i.e. θ 13 = 0, require deviations of y 2,3 from unity, leading to a possibility to search for CP violation in neutrino oscillation experiments. Eq. (88) directly indicates that there could be deviations from the exact TBM if the Dirac neutrino Yukawa couplings do not have the same magnitude. These deviations generate relations between mixing angles and mass eigenvalues.
To diagonalize the above mass matrix Eq. (88), we consider the hermitian matrix
ν , from which we obtain the masses and mixing angles:
where the parameters A, B, C, F, G and K are given in Eq. (B1). The mixing matrix U ν in Eq. (91) associated with diagonalization giving definite masses can be written as
where c i ≡ cos θ i , s i ≡ sin θ i and a diagonal phase matrix Q ′ ν = diag(1, e iζ 1 , e iζ 2 ). Now, the straightforward calculation with the general parametrization of U ν in Eq. (92) leads to the expressions for the masses and mixing angles [24] :
And the squared-mass eigenvalues are given by
Without loss of generality, we let θ 1 ≡ θ 23 , θ 2 ≡ θ 13 and θ 3 ≡ θ 12 . In the limit of y 2 , y 3 → 1, the parameters relevant for mixing angles behave as A, Leptonic CP violation can be detected through the neutrino oscillations which are sensitive to the Dirac CP phase δ CP , but insensitive to the Majorana phases in U PMNS [25] . To see how the parameters are correlated with low-energy CP violation observables measurable through neutrino oscillations, we consider the leptonic CP violation parameter defined by the Jarlskog invariant [21] in the standard parametrization Eq. (87):
where U αj is an element of the PMNS matrix in Eq. (87), with α = e, µ, τ corresponding to the lepton flavors and j = 1, 2, 3 corresponding to the light neutrino mass eigenstates. At the same time, in the parametrization given in Eq. (92) we obtain
From Eqs. (96) and (97) we obtain the Dirac CP phase defined in Eq. (87) as
The phase φ ν i (i = 1, 2, 3) or δ CP is constrained by the neutrino mass matrix Eq. (88), which is originated from the phase ξ. The Jarlskog invariant J CP can be expressed in terms of the elements of the matrix h = M ν M † ν [25] :
where the numerator is expressed as
in which {.....} stands for a complicated lengthy function of y 2 , y 3 , a and b. Clearly, Eq. (100) indicates that J CP depends on the phase ξ (or ψ 1,2 ) and, in the limit of y 2 → y 3 , the leptonic CP violation J CP goes to zero.
Concerning CP violation, we notice that the CP phase ξ coming from M R take part in low-energy CP violation in terms of ψ 1 , ψ 2 , as can be seen in Eqs. (77-88). Any CP-violation relevant for leptogenesis is associated with the neutrino Yukawa matrix Y ν = Y ν U R and the combination of Dirac neutrino Yukawa matrices,
where ψ ij ≡ ψ i − ψ j . As expected, in the limit y • with two large mixing angles (θ 23 , θ 12 ). Therefore, a low energy CP violation in neutrino oscillation and/or a high energy CP violation in leptogenesis can be generated by the non-degeneracy of the Dirac neutrino Yukawa couplings and a nonzero phase ξ coming from M R .
In summary, the phase ξ originated from the heavy gauge singlet χ field is responsible for leptogenesis, a CP phase in neutrino oscillation, δ CP , and the Dirac CP phase in the CKM mixing matrix, δ q CP .
V. NUMERICAL STUDY
Now we perform a numerical analysis using the linear algebra tools in Ref. [26] . The Daya Bay and RENO experiments have accomplished the measurement of three mixing angles θ 12 , θ 23 , and θ 13 from three kinds of neutrino oscillation experiments. The global fit of the neutrino mixing angles and of the mass-squared differences at the 1σ (3σ) level is given by [27] θ 13 = 8.66 (90)).
In our numerical examples, we take M = 10
11 GeV and v η = v Φ = 123 GeV, for simplicity, as inputs 3 . Since the neutrino masses are sensitive to the combination For these parameter regions, we investigate how a nonzero θ 13 can be determined for the normal and inverted mass hierarchy. In Figs. 1-5 , the data points represented by blue-3 If one takes a seesaw scale M = 10 11 GeV, then the cutoff scale would be around 10 12 GeV due to the relation v χ /Λ = λ in Eqs. (37), (54) and (62). 4 When y 2 = y 3 and around there, there exist other parameter spaces giving very small values of θ 13 . So, we have neglected them in our numerical result for normal mass hierarchy. type dots and red-type crosses indicate results for the inverted and normal mass hierarchy, respectively. Fig. 1 shows the reactor mixing angle θ 13 as a function of the phase ξ. As can be seen in Fig. 1 , the data points in ranges of 100 • , will provide more information on whether normal mass hierarchy or inverted one. Moreover, we can straightforwardly obtain the effective neutrino mass |m ee | that characterizes the amplitude for neutrinoless double beta decay : mass hierarchy and m lightest = m 3 for the inverted mass hierarchy. Our model predicts that the effective mass |m ee | is within the sensitivity of planned neutrinoless double-beta decay experiments.
VI. LEPTOGENESIS AND ITS LINK WITH LOW ENERGY OBSERVABLES
In addition to the explanation of the smallness of neutrino masses through seesaw mechanism by singlet heavy Majorana neutrinos, in this model, the baryogenesis through so-called leptogenesis [3, 4] can be realized from the decay of the singlet heavy Majorana neutrinos.
In early Universe, the decay of the right-handed heavy Majorana neutrino into a lepton and scalar boson is able to generate a nonzero lepton asymmetry, which in turn gets recycled into a baryon asymmetry through non-perturbative sphaleron processes. We are in the energy scale where A 4 symmetry is broken but the SM gauge group remains unbroken. So, both the charged and neutral scalars are physical.
The CP asymmetry generated through the interference between tree and one-loop diagrams for the decay of the heavy Majorana neutrino N i into Φ and L α = (ν, ℓ α ) is given, for each lepton flavor α (= e, µ, τ ), by [28] 
where the function g(x) is given by g(x) = √ x
. Here i, j denote generation index. Another important ingredient which should be carefully treated for successful leptogenesis is the wash-out factor K α i arising mainly due to the inverse decay of the Majorana neutrino N i into the lepton flavor L α [29] . The explicit form of K α i is given by
where Γ(N i → ΦL α ) is the partial decay rate of the process N i → L α + Φ, and H(M i ) = (4π 3 g * /45) 9 GeV. Therefore, it is necessary M i 10 9 GeV for a successful leptogenesis, so that only the tau Yukawa interactions are supposed to be in thermal equilibrium.
We take Λ = 10 12 GeV as a cutoff scale and M = 10 11 GeV as a leptogenesis scale, respectively. Now, combining with Eqs. (75), (101) and (106) ) and the nonzero θ 13 and TBM angles (θ 12 , θ 23 ) of the neutrino oscillation data and baryogenesis via leptogenesis, as well as to predict a CP violation of the lepton sector, we have proposed a simple discrete symmetry model for the SCPV based on an A 4 flavor symmetry for quarks and leptons. In our model CP is spontaneously broken at high energies, after breaking of flavor symmetry, by a complex vacuum expectation value of A 4 -triplet and gauge singlet scalar field χ. And, certain effective dimension-5 operators driven by the χ field are introduced in the Lagrangian as an equal footing, which lead the quark mixing matrix to the CKM one in the form. Meanwhile, the lepton Lagrangian (which is renormalizable), with minimal Yukawa couplings, gives rise to a non-degenerate Dirac neutrino Yukawa matrix and a unique CP-phase "ξ" that is generated dynamically, which explains the nonzero value of θ 13 ≃ 9
• and two large mixing angles of atmospheric and solar neutrinos. We show that the spontaneously generated CP phase could become a natural source of leptogenesis as well as CP violations in the CKM and PMNS. We have shown that the spontaneously generated CP phase "ξ" could become a natural source of leptogenesis, and simultaneously provide CP violations at low energies in the quark and lepton sectors, as a unique source. 
